I. INTRODUCTION
T HE MULTICAVITY klystron amplifier is a well-established device and has a good record of achievement in efficiently generating large amounts of CW and pulsed powers at microwave frequencies. The ever-increasing demand for more power (hundreds of megawatts per tube) for contemplated new particle accelerators has given the klystron a new challenge to show its versatility. The following is a description of the development of a klystron producing a peak output power of 150 MW with an efficiency of 51 percent and a saturation gain of 59.3 dB at S band.
II. DESIGN CONSIDERATIONS A. Electron Gun
The electron gun is a simple Pierce-type solid beam gun designed with the Stanford Linear Accelerator Center 2.0. The radii of the focus electrode and the anode electrode are made rather large in order to minimize the gradient. Some pertinent parameters are as follows: Fig. 1 . It is seen that the microperveance at 200 kV is slightly above 2.0 but falls to 1.92 at a voltage of 450 kV, a little short of the design value of 2.0. The reduction in perveance can be explained in part by relativistic effects. The approximate relativistic correction factor for perveance is [1] 0093-3813/85/1200-0545$01.00 © According to the above correction factor, the drop in perveance should be 3.9 percent when the voltage is raised from 200 to 450 kV. The actual drop, however, was 7 percent. The additional decrease may be due to nonuniformity of cathode emission or measurement errors attributed to nonideal current pulse waveform. Except for the slightly lower than design perveance, the gun worked satisfactorily. There were no gun oscillations or serious arcing.
B. RF Cavities
The design of the bunching section is rather conventional and we will not discuss it at length except to say that it is comparatively long because of the highly relativistic velocities involved. A schematic drawing of the interaction region is shown in Fig. 2 Qex:, and the impedance is defined as the ratio of the voltage across the gap to the current by which the voltage is induced. In a two-gap cavity, the beam passes through two gaps sequentially and the ac components of current differ both in amplitude and phsae. Moreover, the current will not only induce a voltage on the gap it passes but also induce a voltage on the other gap, so there are at-least three impedances which we have to deal with (i.e., Zll, Z22, and Z12, which is the same as Z21 due to reciprocity).
A method of measuring these impedances has been developed by Zhao [3] , who used a three-port microwave network to represent the system. One of the ports is the output waveguide and the other two represent the two gaps of the cavity. An impedance matrix is used to characterize the system and the six independent impedance parameters can be found by measuring the input impedance seen from the output waveguide when the two gaps are in different conditions, viz., either open, shorted, or perturbed with an added capacitance. The gap impedance matrix measured this way at a frequency of 2870 MHz for the doublegap output cavity used is as follows: These impedance values are near, though not exactly equal, to the optimum values calculated by the computer program.
The optimum distance between the middle of the first gap of the output cavity and the penultimate cavity has a rather broad range between 200 and 400 of a reduced plasma wavelength as indicated in Fig. 8 ; 24°was actually chosen.
It is well-known that tubes with multiple-gap cavities are subject to the possibility of self-oscillation because of the existence of a region of negative beam-loading conductance. For stability in that region of operation, it is necessary that the absolute value of beam-loading conductance be less than the circuit conductance for both modes of the circuit. The frequencies of the various modes are shown in Fig. 9 , which was obtained with a swept frequency source. At the 27r mode, the maximum negative normalized beam-loading conductance is -0.29 (see Fig.  5 ), which is less than the measured circuit conductance and should not (in fact, did not) lead to self-oscillations. At the 7r-mode frequency of 2472 MHz, the calculated normalized beam-loading conductance is +0.388 and there is no danger of self-oscillation there, in spite of the fact that the Q is rather high. The slot mode resonates at 3445 MHz which is very close to the frequency at which the two narrow coupling slots are one-half wavelength long. For the slot mode, the measured axial electric field in one gap is very much weaker than the other and stability is not a problem.
III. EXPERIMENTAL RESULTS A. General Test Results
Fig . 10 shows the power output, saturation gain, and efficiency versus beam voltage at a signal frequency of 2870 MHz (the performance at 2870 MHz is slightly better than at 2856 MHz; data elsewhere in this paper refer to 2856 MHz). As indicated in the figure, the peak power output at 450 kV is 126 MW with an efficiency of 48. 
B. Comparison with Computation
The computer program which was developed in the course of this work [4] has been useful in the design of the klystrons, although it is a relatively simple one-dimensional time-stepping disk model with space-charge and relativistic effects taken into account. A comparison of the calculated results using the actually measured parameters of beam current, cavity frequencies, cavity spacings, gap impedance values, etc., with the experimentally measured results at 425 kV is shown in Fig. 12 . The agreement in maximum efficiency attained is very good, while the discrepancy between the calculated saturation gain and measured saturation gain is 1.5 dB.
C. Comparison with a Single-Gap Klystron of Similar Power Level
In the course of this work, we have also built a klystron with a conventional single-gap output cavity. The test results for this tube are shown in Fig. 14 . Note that the efficiency obtained from the 2wr-mode double-gap output tube is higher by 5 [5] . The method consists of placing four calibrated electric probes on the broad wall ofthe output waveguide at each of two different waveguide cross sections and one calibrated electric probe on the narrow wall at each of four different waveguide cross sections to measure the electric-field components of all the possible propagating modes at the second and third harmonic of the signal frequency for the size waveguide used and then feeding the measured data into a computer for final calculation of the harmonic contents. The multi- ple-probe assembly used and a block diagram of the test setup are shown in Fig. 16 . The results of this measurement are shown in Table I . As shown in Table I , the second harmonic is 32 dB below the fundamental and the third harmonic is about 39 dB below. These values are of the same order of magnitude as found in ordinary klystrons operating at lower voltage levels. Thus it appears that the basic mechanisms of klystron bunching are essentially the same up to the highly relativistic region of 450 kV.
V. CONCLUSIONS The concept of multiple-gap or extended-interaction cavities is not new [61- [9] . The significance of this work is that it applies this concept successfully to a new level of power output and provides a viable option for the generation of even higher powers at microwave frequencies. The average gradient across each output gap at 450 kV in this development is only 177 kV/cm and the calculated maximum field is 275 kVicm. A gradient at least twice this value at 1-its pulsewidth should be feasible, based on 
